Compact, high-gain magnetic flux compressors (FCGs) are convenient sources of substantial energy for plasma-physics and electron-beam-physics experiments, but the need for highvoltage, fast-rising pulses is difficult to meet directly with conventional generators. While a variety of novel concepts employing simultaneous, axially-detonated explosive systems are under development, power-conditioning systems based on fuse opening switches and high-voltage transformers constitute an approach that complements the fundamental size, weight, and configuration of small helical flux compressors. In this paper, we consider, first, a basic inductive store/opening switch circuit and the implications associated with, specifically, a fuse opening switch and an FCG energy source. We develop a general solution to a transformer/opening switch circuitwhich also includes (as a special case) the direct inductive store/opening switch circuit (without transformer) and we report results of one elementary experiment demonstrating the feasibility of the approach.
Basic ODeninp: Switch Circuit
We recall the fundamental behavior of a current interrupting switch, limiting our consideration to the case where the load is switched across the opening switch and storage inductor at the time when the voltage across the opening switch reaches a peak. Thus, the behavior of the circuit up to the time of peak voltage is independent of the load. For purposes of analysis we consider a switch whose resistance rises linearly from R = 0 at t = t , in where I, is the current in L before the start of interruption.
It is convenient to identify a "switching interval," t:w, during which the current has been virtually interrupted, falling to I(t)Bw) = I,e-' (14% I,), and from Eq. 
where E, is the energy in the circuit at t,. We see that Emin, which is the minimum energy that any switch displaying a linear resistance profile must dissipate, is independent of the details of the switching mechanism and of the circuit parameters. When the switching mechanism is, more specifically, a fuse, we follow convention (which is well supported by more than 20 years of experiments conducted worldwide) and assume that the fuse begins to vaporize and begins its large increase in resistance at t u when the accumulated specific action reaches a value determined only by the nature of the material.
where go is the "burst" specific action and A is the cross section of conductor presented to the current. Since different current waveforms deliver action to the fuse in dramatically different ways (e.g., capacitor bank compared to flux compressor waveforms), it is useful to introduce an Uequivalent action time scale" reg.
Thus, using Eqs. (3) and (4) we establish a criterion for the area that the fuse must be presented to the current in order to achieve the beginning of vaporization at t , = t,, I(tu) = I, Because a switch (displaying a linear resistance increase) must dissipate energy, AE, which lies between Emin and the total circuit energy E, A E = aEo , 0.63 5 a 5 1.0 (6) a criterion on the fuse length, I, is defined by the requirement to bring the fuse of mass (PIA) to burst energy density Eb using only a total energy A E . (7) we arrive at the initial resistance of the fuse:
where qo is the initial resistivity of the fuse material. During vaporization, between t: and t: , we assume that the resistance of the fuse rises (linearly) gy a ratio M f . This approach combines all the details of EOS, hydrodynamics, tamping and quenching into the parameter M f , and a first principles computational model is being developed to estimate M s .~ Thus, the fuse resistance at t:, is R,, = M f R , , but from circuit considerations we recall R,, = 2L Itaw, therefore,
which provides an expression for the switching speed of the fuse
a Mf and finally the voltage and electric field produced by the fuse are:
a M f Q o koreg
v, = Equation (8) provides an expression for the current interruption time in terms of material parameters, k,, the resistance multiplication ratio and the parameter re9. Material parameters for copper and aluminum are summarized in Table I using Tucker, Toth information and material properties are assumed to be independent of circuit or source parameters. Thus, the parameters that can effect the current interruption time are the equivalent action timescale and the multiplication. Equation (4) for reg can be evaluated analytically for the case of a sinusoidal current waveform (such as a capacitor bank) and for an exponential current waveform (which approximates the waveform of most flux compressors). For a sinusoidal waveform with a quarter period rg we find reg = ~~1 2 .
While for an exponential waveform I(*) = I0e7'/** where 7 is the expe nential factor and rr is the full operating time (run time) o f the generator, we find reg = r,/27. The rr of flux Compressors can vary from 10 ps to several hundred microseconds, and the exponential factor from 1 to about 5 . We calculate the action timescale from experimental waveforms of three flux compressors in Fig. 2 . All are helical flux compressors with the explosive charge initiated at one end. The first is a relatively compact high current-gain configuration, the second is a similar small generator consisting of a helical section and a coaxia section designed to produce larger currents and the third is a very large (relatively slow) generator designed to produce very large energies. The curves show similar general behavior and all contain a relative minimum in re near the end of the rur but not necessarily at peak current. %or minimum current interruption time Eq. (8) shows that a fuse should be designec to burst at this minimum in the reo profile assuming that M f With this general description of fuse opening switch performance, we next explore two circuit concepts outlined in Fig. 1 . In one, the energy is stored in the primary inductance of a transformer and released by an opening switch, and in the other, the transformer degenerates into a simple storage inductor. We first develop the general solution for an energy storage transformer with an opening switch in the primary loop and a resistive load in the secondary loop. The general circuit is shown in Fig. 3a where L g ( t ) is the variable inductance of a flux compression generator, R,(t) is the resistance of the opening switch in the primary loop, L,, is the total inductance in the primary loop that is "external" to both the 1;enerator and the transformer, and L is the primary inductance of the transformer. Similarly, L, ' i s the secondary inductamce, L,. is the inductance in the secondary loop external to the transformer (including the inductance of the load) and l l~ is the load impedance. M is the mutual inductance coupling L, and L* . When the generator completes its operation, Lg(t approaches zero, and by replacing the transformer with the d amiliar "T Equivalent" we describe the circuit as iihown in Fig. 3b at the instant just prior to current interruption. The transformer is described by the physical quantities L,, L,,, and M , Following convention, we define the coupling, k, and the quantity N, which we associate with the physical turns ratio in simple geometries,
is not a function of req.
For convenience, we rewrite the circuit in Fig. 3b by combining inductances in the primary and secondary loops and arrive at the circuit in Fig. 4 where we define: For analysis, we define the switching action as an instantaneous transition in R, from Ra(tVm) = 0 to R,(t:m) = R E . The transition occurs at t = tvm. And at ttm,1(q has fallen to IUm. This allows a general solution of the circuit equations to be written as:
1, = Ipe-VV ( 1 -,--t/%)
where:
where r is the dimensionless ratio of load resistance to switch resistance scaled by the equivalent turns ratio Neq, and T= is a characteristic time scale.
= R,/R,N,',
We observe that for good coupling, k -t 1, Q + 1, independent of r. Thus, the ratio of the rise time to the fall time of the secondary current 7rf.f
(1 -Q)/W * 0 and the output current has a risetime much less than the fall time. And we can treat Ip as the peak value.
Furthermore, we observe that for r = 1, Q -t k and Ip -+ 0.51,,,/Neq . Figure 6 shows the values of the rising (7, ) and the falling (7f) time constants, normalized to r=, as functions of r with k as a parameter. The figure shows that r, peaks at r = 1 (but not sharply) and that ~f has a minimum a r = 1. r, approaches zero (a step rise in current) independent of r for k --t 1.
NORMALIZED RISE AND FALL TIME Frequently, we would like to choose the transformer design to maximize the voltage impressed across a load assuming a given performance for the opening switch. We find the value of Neq for which Kp is a maximum by finding where i3Kp/i3Ne, = 0. For case of relatively good coupling 1/Q + 1, we find that the maximum occurs where RL = NcqRE , (i.e,, for r = 1) .
Furthermore when r = 1, we see that Q = k and the voltage across the load and power to the load are: 
Performance Estimates
As an example of applying the results of the previous sections to a flux compression generator power-conditioning system, we consider a 50-pH flux compressor operating into a 500-nH storage inductor Lstore) with a series current interfor a 10-R load coupled across the fuse at the time of peak voltage. We then explore the improvement in performance to be expected by introducing an optimized transformer with a 500-nH primary inductance.
For illustrative purposes we consider the flux compressor to be initially loaded with 20-kA current, resulting in 1.0 Weber initial flux. We assume 50% flux efficiency, rr = 100-psec, 7 = 5 and req = 10-psec, resulting in a current of 1 MA in the storage inductor and 610 KA at t:,. For the switch, we assume aluminum conductor, a multiplication of M = 300, and we find R,, = 333 mn.
For a direct store switch configuration in coaxial geometry 25 nH, RL = 10 R. Thus, with L, = L, = 500 nH, we find k, = 0.98, Neq = 1.025, and r = 28.6, which results in Vip = 191 KV, rr = 2.4 ns, and rf = 1.6 ps.
According to this analysis, Neq should be selected to achieve r = 1, i.e., Neq = 5.5. For the assumed generator and switch performance, L, = 15.13 p H , M = 2.20 pH and k = 0.8 we find &, = 556 KV, rr = 337 ns, and rf = 2.7 ps.
In Fig. 8 Simplified analytic analysis shows that for powering resistive loads with an FCG/Fuse combination and a transformer, the turns ratio should be selected to match fuse to load impedances (r = 1). Under this condition, the currer.t in and voltage across the load become independent of the transformer coupling but the rise and fall times are not. Using representative small flux compressors, fuses and matched tranc formers, loads at a few ohms can be driven to a few-hundred KV and loads of a few 10's of ohms can be driven to about 1 MV. Direct fuse power conditioners can be useful for voltages up to 300-500 KV but transformers are required for lhigher voltages.
